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Duplicate genes act as a source of genetic material from which new functions arise. They exist in large numbers in every sequenced eukaryotic genome and may be responsible for many differences in phenotypes between species. However, recent work searching for the targets of positive selection in humans has largely ignored duplicated genes due to complications in orthology assignment. Here we find that a high proportion of young gene duplicates in the human, macaque, mouse, and rat genomes have experienced adaptive natural selection. Approximately 10% of all lineage-specific duplicates show evidence for positive selection on their protein sequences, larger than any reported amount of selection among single-copy genes in these lineages using similar methods. We also find that newly duplicated genes that have been transposed to new chromosomal locations are significantly more likely to have undergone positive selection than the ancestral copy. Human-specific duplicates evolving under adaptive natural selection include a surprising number of genes involved in neuronal and cognitive functions. Our results imply that genome scans for selection that ignore duplicated loci are missing a large fraction of all adaptive substitutions. The results are also in agreement with the classical model of evolution by gene duplication, supporting a common role for neofunctionalization in the long-term maintenance of gene duplicates.
[Supplemental material is available online at www.genome.org.]
Recently duplicated loci suffer one of two long-term fates: maintenance or loss (Ohno 1970; Walsh 1995) . While pseudogenization is the more likely fate of recently duplicated genes, many models have been proposed that could lead to the long-term maintenance of multiple paralogs (Spofford 1969; Ohno 1970; Dykhuizen and Hartl 1980; Hughes 1994; Force et al. 1999; Stoltzfus 1999) . The maintenance of duplicates can be a by-product of neutral evolution (Dykhuizen and Hartl 1980; Force et al. 1999; Stoltzfus 1999) , or there can be adaptive substitutions either during (Spofford 1969; Ohno 1970) or after (Ohno 1970; Hughes 1994 ) the fixation of the duplicated locus. Previous studies have found signatures of adaptive evolution among individual duplicated genes, suggesting that selection for new functions (''neofunctionalization'') is the mechanism acting to retain new paralogs (Zhang et al. 1998; Merritt and Quattro 2001; Betran and Long 2003; Moore and Purugganan 2003; Rodriguez-Trelles et al. 2003; Thornton and Long 2005) . While these studies support the neofunctionalization model, the genome-wide proportion of all duplicates fixed and maintained by natural selection is still not known (Hahn 2009 ).
Gene duplication supplies the raw material necessary to evolve novel functions and is therefore a source of adaptive change. Previous studies in mammals have searched for positively selected genes in the hope of identifying the nucleotide substitutions that underlie phenotypic divergence between species, but these genome-wide scans have intentionally ignored duplicated loci in order to avoid problems in the assignment of orthology (Clark et al. 2003; Nielsen et al. 2005; Bakewell et al. 2007; Kosiol et al. 2008 ). This oversight is unfortunate, as many cases of adaptive evolution of individual gene duplicates are known (see above). These previous results from studies of individual gene families imply that by neglecting duplicated loci we are missing a substantial fraction of the adaptive events that differentiate species. Ignoring patterns of selection on duplicated loci in humans may be particularly shortsighted, as the rate of gene duplication has increased in our recent past (She et al. 2006; Hahn et al. 2007 ).
Here we study the evolutionary forces acting on recent gene duplications in four mammalian genomes: human, macaque, rat, and mouse. By focusing on young duplicates we hope to capture the mechanisms responsible for the initial maintenance of new genes. We use codon-based likelihood models implemented in the PAML package (Yang 2007) to test for adaptive evolution shortly after the duplication. To ensure the accuracy of our results we also use non-likelihood-based methods and conduct a number of checks on our results. We find that a larger fraction of young duplicates have experienced positive selection than have a comparable set of single-copy orthologs. We also observe that, among duplicates, new paralogs that have moved to a different genomic location are more likely to experience adaptive evolution than are the copies in the original location.
Results
To restrict our study to recently duplicated genes, we obtained lineage-specific duplicates from the human, macaque, mouse, and rat genomes (Methods). Although there is little statistical power to detect positive selection in recent duplicates because of the small number of interparalog substitutions, we expect these genes to reveal the most about the selective forces that maintain duplicates.
Briefly, we constructed gene trees for every gene family in the four lineages together and extracted all duplication events specific to each species using gene tree-species tree reconciliation (Chen et al. 2000) . To avoid cases where multiple lineage-specific losses might result in incorrect inferences of lineage-specific duplications, we then partitioned the gene trees into subtrees that only include duplication events that occurred subsequent to the most recent speciation event. A subtree is defined as the phylogeny of a set of paralogs for which the nucleotide divergence (d S ) between any pair is less than twice the time since the last speciation (see Methods). Our methods identified 893, 436, 1723, and 1428 lineage-specific duplications in human, macaque, mouse, and rat, respectively ( Fig. 1; Table 1 ).
We chose to analyze lineage-specific duplicates because these offer independent instances of evolution by gene duplication. Incorrectly identifying duplicates as lineage-specific using the tree-based and d S -based methods described above will not affect our inferences of adaptive natural selection, though it may affect our estimates of the timing of selection. Therefore, to further validate the duplications we found, we checked the duplicated genes against experimental data. Low-quality sequencing and assembly is known to affect duplication content by collapsing the duplicates into one gene. This can result in two types of errors, underestimation of lineage-specific genes in a low-quality genome, or overestimation of lineage-specific genes in species sister to low-quality genomes. Since the macaque genome has the lowest quality among the species considered here, we focused on estimates of macaque-specific duplicates and the human-specific duplicates inferred using macaque as the outgroup. First, we confirmed that the duplicates we have identified are supported by synteny in the flanking regions. While 14% of the macaque duplicates were on problematic contigs-short contigs that are not included in the final assembly-and thus could not be confirmed by alignment of the flanking region, 100% of the human duplicates had unambiguous alignment in the flanking regions. Second, we used two different data sets that identified macaque duplicates using experimental methods to confirm our inferences of lineage-specific duplications. Using array comparative genomic hybridization (aCGH) data (Gibbs et al. 2007 ), we found that seven out of 355 gene families identified as having human-specific duplicates had a macaque duplication confirmed by aCGH but missing in the assembly. These cases may therefore indicate either duplicates incorrectly inferred as being human-specific when in fact they predate the human-macaque split, or cases of parallel lineage-specific duplications in the two lineages. In general, however, there is good agreement between aCGH experiments and computational predictions of duplication (Hahn et al. 2007 ). Using sequence read-depth data from the shotgun assembly of the macaque genome to identify unassembled duplicates (i.e., the ''WSSD'' method of Bailey et al. 2002) , we found 21 out of 355 families with human duplicates have a macaque gene with a missing duplication discovered by WSSD. Again, these may represent either human duplicates that are not truly lineagespecific or parallel duplication events. In any event, both results show that the majority of our duplicates are not incorrectly identified as lineage specific. More importantly, either type of error produced by the collapsing of genes should not have a directional effect on the detection of positive selection; we show below that having a collapsed gene among the duplicates does not lead to more detection of positive selection.
For the 2377 total subtrees containing lineage-specific duplicates that also had more than two nucleotide differences between paralogs (Table 1; cf. Nielsen et al. 2005) , we tested for evidence of positive natural selection by estimating the nonsynonymous/ synonymous substitution rate ratio (d N /d S ) distribution among amino acid sites. Specifically, we used the codon-substitution models implemented in PAML (Yang 2007) to estimate the likelihoods of each subtree when d N /d S is allowed to exceed 1 (M2a) versus a model where d N /d S is constrained to #1 (M1a). As we show below using simulations-and as has been shown before (Wong et al. 2004 )-comparing twice the difference in log-likelihoods between models to a x 2 distribution with two degrees of freedom is a conservative test for positive selection. In each of the four lineages at least 8.8% of subtrees show significant (P < 0.05) evidence for positive selection (Fig. 2) . Furthermore, since the divergence of humans from macaque, 13.8% of all subtrees containing human-specific duplications appear to have evolved under positive selection. All subtrees across all four genomes with significant evidence for positive selection also show d N /d S > 2 on a subset of codons. After excluding the subtrees containing misannotated genes-genes that are removed in the more recent version of Ensembl-there were 18 human subtrees significant at a false discovery rate (FDR) <0.10 (Table 2) . To directly compare our results to the proportion of single-copy genes experiencing positive selection, we carried out the same analyses Reconciliation denotes duplicates identified by gene-species tree reconciliation. d S filtering denotes duplicates that have distances consistent with the age of the species. PAML denotes duplicates with enough statistical power that were used in the likelihood analyses. Figure 1 . Experimental design. Lineage-specific duplicates were extracted from each of the four lineages shown, using the d S values indicated. The number of lineage-specific subtrees containing paralogs differing by at least two substitutions is given for each genome.
on 10,376 single-copy orthologs between human and macaque and 8631 orthologs between mouse and rat. The proportion of single-copy orthologs where we detect positive selection
is consistent with previously published results for these mammals, and is significantly lower than the proportion of duplicates under positive selection (Fig. 2 ). Because these orthologs are as old as or older than the lineage-specific paralogs considered here, we actually expect that there is more statistical power to detect selection in the orthologs because of the higher levels of interortholog divergence. No significant differences have been found between the functions of single-copy genes and genes duplicated among the mammals (Demuth et al. 2006) , so this cannot explain our results either. We next consider a number of other possible conflating factors.
We conducted a number of checks on our data and analyses to eliminate potential sources of error or biases in our results. (1) To ensure that there were no false positives due to misalignment, we used stringent criteria to mask regions where alignments were of poor quality (Methods). (2) To rule out misannotations or pseudogenes, we checked a more recent version of the Ensembl database (v48) and removed any duplicates that had been modified since the version our data are based on (v41); there was no qualitative difference in results (Supplemental Fig. 1) . (3) Importantly, the likelihood ratio test implemented here does not give false evidence for positive selection even if pseudogenes are inadvertently included (Wong et al. 2004 ). To demonstrate this we simulated 1000 data sets at five different values of d S with d N /d S = 1.0. The largest fraction of significant genes in these simulations Fig. 3 ).
(6) To address the concern that collapsed duplicates could result in spurious detection of positive selection, we compared our positively selected subtrees against the collapsed duplicates identified by the WSSD method using read-depth data (Bailey et al. 2002) . Of the 42 genes we called under positive selection in macaque, only one showed increased read-depth, indicative of a collapsed duplicate. Removing both these families and those found on unassembled contigs or identified by aCGH to have additional copies in macaque (99 macaque families and 46 related human families) did not lower the proportion of positively selected duplicates in these lineages (11 macaque and four human subtrees with positive selection were removed). (7) Another possible explanation for the high proportion of positive selection detected among duplicates is that tests using paralogs can have more power to detect selection than using pairs of orthologs, simply because some of the subtrees have more than two genes. We therefore restricted our analyses to only cases with two paralogs; the proportion of genes with d N /d S > 1 was slightly lower but still significantly higher compared to the proportion of ortholog pairs (Supplemental Fig. 4) . (8) Finally, because gene conversion may result in false positives when using the current likelihood ratio test (Anisimova et al. 2003; Casola and Hahn 2009 ) we searched for gene conversion among all of the paralogs and removed those with evidence for conversion from our analyses. Again, we still had between 5.6% and 9.7% of duplicates with evidence of positive selection in all four species (Supplemental Fig. 5 ). After verifying our results in these ways, we are confident that the abundance of adaptive natural selection found in young duplicates is a real biological pattern. For the subtrees of lineage-specific duplicates that had a signal of positive selection, we were interested in which particular gene was undergoing adaptive evolution. We can identify these genes using the branch-site model implemented in PAML (''test 2'') . When an outgroup sequence was available we added it to the unrooted phylogeny of each subtree, and all the branches in the tree were tested except for the branch leading to the outgroup gene. Of the 245 total subtrees identified as evolving under positive selection using the M1a/M2a comparison, 61% also had at least one branch with d N / d S > 1 at P < 0.05 and 70% at P < 0.10 using test 2. Across all four genomes, 16.1%-21.1% of the branches tested show a significant signature of positive selection using test 2 (P < 0.05 or 10.2%-18.4% with FDR < 0.10; Supplemental   Fig. 6 ). Along the human lineage we found significant evidence for positive selection on 37 out of the 230 total branches considered (P < 0.05, or 25 with FDR < 0.10).
Thus far we have considered genes that have duplicated along the human lineage since the split from macaque. When we further restricted our analyses to even more recently derived human-specific duplicates-those arising since the split with chimpanzee-we found 434 new genes that have appeared in the last five million years. Previous work estimated that 3% of both genomic DNA (Cheng et al. 2005) and genes (Demuth et al. 2006; Hahn et al. 2007 ) have duplicated along the human lineage since the split with chimpanzee. Our current findings confirm these results and should be considered a high-confidence set of the new duplicates to appear in the human genome. Testing for adaptive natural selection among the 125 subtrees containing these duplicates with enough power to detect positive selection, we identified nine human-specific subtrees with d N /d S > 1 at P < 0.05, three of them with FDR < 0.10. Using the branch-site test on the nine significant families, we identified four branches that were positively selected with FDR < 0.10 (Table 3) .
Identifying the branch responsible for the signal of positive selection also lets us explore the fate of each duplicate and, consequently, the effect of genomic context on the diversification of gene copies. We used the locations of single-copy orthologs in other species to polarize lineage-specific duplicates as either parent copies (in the same location) or daughter copies (in a different location) in each genome (Han and Hahn 2009 ). Due to ambiguities in the assignment of tandem duplicates as either parent or daughter, we removed all such pairs from the analysis. Across the four species, we could unambiguously identify the parent copy for a total of 641 families by finding extended synteny with the outgroup gene. We restricted our analyses to those cases with a one-to-one relationship of parent and daughter (Supplemental Table 1 ). Among these genes, 66 had a d N /d S significantly greater than 1 by the branch-site test (P < 0.05). When we looked at the relationship between the two variables-the class of the gene (parent vs. daughter) and whether the gene experienced positive selection-there was a clear association (P = 3.7 3 10 À7 , Fisher's exact test; Fig. 3 ). Only 13 out of 66 positively selected genes were the parent copy, while 53 out of 66 were the daughter copy located in a new genomic region. This pattern was consistent across all lineages (Fig. 3) .
To examine genomic features that could affect the rate of evolution between parents and daughters we compared GC content, recombination rate, and density of conserved elements (as defined by phastCons) (Siepel et al. 2005) in the regions surrounding the pairs of genes. We found that GC content is significantly higher in the regions flanking all parent genes in every species examined (P < 0.01; Supplemental Table 2 ), though it is only significantly higher in mouse and rat when restricting the comparison to pairs in which the daughter is under positive selection. This result is consistent with a previous study that found lower levels of histone modifications in daughter regions (Zheng 2008) . Unlike in previous studies of yeast (Zhang and Kishino 2004) , we did not find any differences in the recombination rate between the positively selected daughters and their parents. There were also no differences in the number or density of conserved elements in the regions flanking the two sets of genes (Supplemental Table 2 ).
Discussion Positive selection on young duplicates
There have been a number of previous studies on gene duplicates in mammals that have measured d N /d S between paralogs, even if they have not explicitly tested for d N /d S > 1 (Lynch and Conery 2000; Kondrashov et al. 2002; Zhang et al. 2003) . Though the pattern found here is obvious in retrospect when examining the results from previous studies, the excess of young duplicates with d N /d S > 1 was largely overlooked because the overwhelming majority of older paralogs (d S > 1) that were also being considered do not show signatures of selection. A recent study comparing the frequency of positive selection among duplicates and single-copy genes found no differences (Studer et al. 2008 ) but was limited to comparisons using duplication events that occurred hundreds of millions of years ago. Positive selection may often act on only a small number of amino acids in a very short period of time after duplication. By capturing the earliest stages of gene duplicate evolution, we are able to observe evidence for positive selection before it is masked by the purifying selection that follows. The high level of positive selection acting on amino acids in these very young duplicates also implies that these changes are the ones responsible for the maintenance of the paralogs and are not just substitutions occurring after the maintenance has been established by other means. It must also be pointed out that the power of our test for selection is extremely low. Even if 20% of codons in every single duplicate along the human lineage were undergoing adaptive natural selection with d N /d S = 5, simulations show that we would only detect 25% of paralagous pairs with d N /d S significantly greater than 1 (Supplemental Fig. 7) . This suggests that a much larger proportion of duplicate genes may be under positive selection than we are able to detect.
A large number of the families we identified as evolving by positive selection in humans also overlap with gene families previously shown to have rapidly expanded in copy number in primates (Demuth et al. 2006) ; over all lineages, families that have undergone rapid lineage-specific expansions also showed a significant increase in adaptive evolution of the constituent protein sequences (P = 0.009). This pattern supports the hypothesis that positive selection is responsible for the retention of duplicated genes and the consequent expansion of gene families.
Genes with a history of adaptive evolution along the human lineage
Along the human lineage since the split with macaque, we found a number of families previously identified as having evolved by positive selection: the DUF1220-containing NBPF family (Vandepoele et al. 2005; Popesco et al. 2006) , the morpheus gene family (Johnson et al. 2001) , chorionic gonadotropin (Maston and Ruvolo 2002) , the PRAME gene family (Birtle et al. 2005; Gibbs et al. 2007) , and the SERPIN family (Seixas et al. 2007) . We also identified a number of new targets of selection (Table 2) . These include two genes that are involved in neurotransmission (RIMBP3B, RIMBP3C), as well as multiple genes involved in immune response and response to inflammation or stress (SAA1, haptoglobin, SERPINB4). Both serum amyloid A genes (SAA1 and SAA2) are induced by cytokines, but only SAA1 is enhanced by glucocorticoids (GCs) while SAA2 is unresponsive to GCs (Thorn and Whitehead 2002) . This difference is interesting considering the negative effect of GCs when secreted chronically (Sapolsky 2005) . Along with divergence in regulatory control, our results suggest additional divergence in the function of the SAA1 protein itself. We also found many families under positive selection that have not been characterized but may warrant further study (Table 2) .
Considering only those genes that duplicated along the human lineage after the split with chimpanzee, the nine families identified as evolving by positive selection again include RIMBP3B, RIMBP3C, as well as CSAG1 (a chondrosarcoma-associated protein), VCX, and a number of other genes (Table 3) . RIMBP3B and RIMBP3C are members of the RIM-binding protein family. Both are paralogous to the RIMBP3 gene that exists in all mammals, but these two genes are only found in humans indicating two duplication events along the human lineage (Mittelstaedt and Schoch 2007) . RIMBPs are known to interact with both Ca 2+ channels and presynaptic active zone proteins (RIMs), suggesting a role in the controlled release of neurotransmitters. Interestingly, members of the RIMBP family have been found to interact with the TSPO (formerly known as BZRP) protein-a peripheral receptor of benzodiazepines-in a yeast two-hybrid system (Galiegue et al. 1999) . VCX is a member of the Variable Charge Figure 3 . Positive selection on transposed duplicates. The numbers of lineage-specific duplicates with evidence for positive selection using test 2 (P < 0.05) are shown, for cases where one paralog has been classified as ''parental'' and one as ''daughter'' (see text for details). 
VCX/Y gene family that is found on the X and Y chromosomes. Previous studies have shown that there are more nonsynonymous than synonymous substitutions between genes VCX and VCY (Lahn and Page 2000) . VCX is expressed exclusively in germ-line cells and, while the function of VCX is not known, studies have suggested an intriguing association with cognitive development (Van Esch et al. 2005 ). Though it is not significant, it is nonetheless interesting to note the excess of adaptively evolving genes we found that are involved in neuronal and cognitive functions, as well as being used in response to social stresses among primates (Sapolsky 2005) . Regardless of the exact selective forces responsible for these changes, equivalent genome-wide analyses of orthologs have only identified between two and 10 genes under positive selection in humans since our split with chimpanzee at similar levels of statistical stringency (Bakewell et al. 2007; Gibbs et al. 2007; Kosiol et al. 2008 ); our analysis of gene duplicates has therefore added substantially to the total number of human-specific genic adaptations.
Effect of genomic context on the evolution of duplicated genes
Duplication has an important role in the creation of novel genes. Through the redundancy generated by duplication, one of the paralogous copies can escape the pressure of negative selection and accumulate mutations that can establish a new function. A number of previous studies have found asymmetries in the rates of evolution among paralogs (Kondrashov et al. 2002; Zhang et al. 2002; Conant and Wagner 2003) , though to our knowledge only one has been able to polarize mutations between parent and daughter copies (Cusack and Wolfe 2007) . This study found that, while daughter genes appeared to be evolving faster overall, the pattern was driven solely by those genes relocated by retrotransposition; they also did not explicitly test for positive selection among paralogs (Cusack and Wolfe 2007) . Our study is the first attempt to classify all duplicated genes, created both by retrotransposition and by DNA-based duplication, into parents and daughters and to find differences in the form of natural selection each has experienced.
The pattern we observed is striking. Among the duplicates for which we were able to polarize the parent and daughter copies, a significantly higher fraction of daughter copies experienced adaptive evolution in all lineages. In >80% of parentdaughter pairs that show d N /d S > 1, it is the duplicate that has moved to a new genomic location (the ''daughter'') that has experienced positive selection. Some of these daughter copies are single-exon genes possibly created through retrotransposition, but a considerable number of them are genes with multiple exons (32 out of 53), suggesting that this pattern is valid across all duplicates regardless of their mechanism of creation.
Our results support the original model of neofunctionalization proposed by Susumu Ohno (Ohno 1970) : After duplication, one of the copies continues to carry out the ancestral gene function, while the other is free to evolve a new function. We find that the gene copy in the original genomic location appears to be strongly constrained in function, while the copy transposed to a new genomic context is freed from constraint. The new genomic and epigenetic environment experienced by the daughter paralog makes it unlikely that it will be expressed in the full range of tissues necessary for ancestral function. So it is more likely that the fully capable, original copy will be constrained to continue with the original roles, while the new copy is allowed to gain a new function via adaptive natural selection.
Conclusion
The molecular changes responsible for organismal adaptation are generally identified by comparing orthologous regions between species. In humans, such methods have identified adaptive changes in protein-coding genes (Enard et al. 2002) , regulatory regions (Rockman et al. 2005; Haygood et al. 2007) , and even noncoding genes (Pollard et al. 2006) . Our results suggest that, by including analyses of duplicated genes, we can recover substantial information on the adaptive evolution of lineage-specific phenotypes, especially human-specific phenotypes. In fact, these data show that the frequency of adaptive evolution is much higher among duplicated genes than among orthologs. This implies that we cannot use the proportion of positively selected genes from studies of orthologs to parameterize models of duplicate gene evolution or even models of organismal adaptation. Considering the conservative nature of the tests for positive selection used here, our results strongly support a common role for adaptive evolution in the maintenance of duplicate copies.
Methods Data
We used the gene models for human, chimpanzee, macaque, mouse, and rat defined in Ensembl v41 as the main data set. Each of these genes is placed into a gene family by Ensembl based on an all-against-all BLASTP sequence similarity search, followed by clustering of similar proteins using the MCL algorithm (Enright et al. 2002) . The corresponding protein and cDNA sequences for each gene from each family were downloaded for construction of the gene trees and analyses of positive selection.
Identification of lineage-specific duplicates
We built gene trees for all 10,204 families with PHYLIP (Felsenstein 1989 ) using neighbor-joining and JTT protein distances with 100 bootstrap replicates. Duplications in the tree were identified by reconciliation with the known species tree using NOTUNG 2.5 (Chen et al. 2000) ; only duplication nodes with bootstrap support of >90% were used. Duplicated nodes specific to each lineage (i.e., in mouse after the split with rat, in rat after the split with mouse, in human after the split with macaque, and in macaque after the split with human) were extracted, ignoring the chimpanzee lineage for the main data set (''Reconciliation'' in Table 1 ).
Since duplication events can incorrectly appear to be lineagespecific when multiple copies are lost in sister species, we further filtered the duplicates based on branch lengths. We used the genetic distance (d S ) corresponding to the time of speciation between each lineage and its sister species, and required the distance between any two duplicate genes in the trees to be less than twice the distance since speciation. The average d S values for each of the four lineages were taken from the genomic average of one-toone orthologs (Wang et al. 2007) . Figure 1 shows the d S cutoffs for each lineage, which may differ between sister lineages because of unequal rates of nucleotide substitution. The cutoff for human-specific genes relative to chimpanzee was d S = 0.0075. As an example, because the average distance along the human lineage back to the human-macaque ancestor is d S = 0.032, for a duplication to be specific to humans two paralogs could not be diverged more than d S = 0.064. In addition, we identified paralogs in the same family whose sequences did not overlap each other in alignment, possibly due to gene fission or fusion events; these families were split or the genes removed. These steps resulted in 2791 lineage-specific subtrees containing 7271 paralogs that went through 4480 duplication events in the four separate lineages (''d S filtering'' in Table 1 ). The number of new duplicates in each lineage is also shown in Table 1 ; this number represents the additional genes that have been added to each genome and can be calculated by subtracting the number of trees from the total number of genes contained in these trees.
Test for positive selection
We used the program PAML 3.15 (Yang 2007) to test for positive selection. We used two different likelihood ratio tests to identify genes under positive selection: the ''site'' models M1a vs. M2a ) and the ''branch-site'' models included in test 2 . Test 2 compares a model in which the branch under consideration is evolving without constraint (d N /d S = 1) to a model in which this branch has some proportion of sites evolving under positive selection (d N /d S > 1). Sequences that have few substitutions between them offer little to no power to detect selection for both tests. We therefore removed the subtrees whose sequences had fewer than three mutations or whose alignments were <50 bases. We were left with 6315 genes in 2377 trees (''PAML'' in Table 1 ; Fig. 1 ). Simulated data sets of sequences of length 1500 bases were generated using the EVOLVER program of the PAML 4 (Yang 2007) package.
The extracted proteins were realigned using ClustalW (Thompson et al. 1994 ) and the corresponding cDNA sequences were aligned according to the protein alignments. In order to avoid false signals of selection due to poor alignment, regions with low quality alignments were masked out. The method to mask poor alignments was essentially a method to find regions that contained codons with >1 substitution or that were aligned to a gap. The exact criteria for filtering the alignment was as follows: We required that in a window of five codons, for all three overlapping windows of three contiguous codons, there must be at least two codons in each that have no more than one base substitution. The following equations specify when the codon is masked, i.e., when mask is 1: m i : number of mismatches for codon i
Each family underwent at least two to at most 10 PAML runs to ensure that likelihood values converged. If the maximum likelihood score and the next best score differed by >0.001, or if the likelihood ratio was a negative value, we assumed failed convergence and removed the family from the final data set. The likelihood ratio test between models M1a and M2a was conducted with a critical value of x 2 = 5.99 (i.e., P-value = 0.05, d.f. = 2), as suggested by Yang (2007) . This cutoff can be very conservative (Wong et al. 2004 ). False discovery rates (FDR) were calculated using Qvalue (Storey 2002) . For the branch-site test 2, we included as an outgroup the closest protein sequences from the closest sister species based on the reconciled gene trees in order to polarize lineage-specific branches. The critical value used for branch-site tests was x 2 = 3.84 (P-value = 0.05, d.f. = 1), also as recommended by Yang (2007) . FDRs for test 2 were calculated by correcting for the number of lineage-specific branches tested.
Validation
Orthologous pairs of genes are from Gibbs et al. (2007) , with alignments kindly provided by T. Vinar and A. Siepel. Positive selection among the orthologs was detected using the likelihood ratio test between models M1a and M2a in PAML, as above. To assess any bias due to misannotations of paralogs, all the proteins were queried against the more recent version 48 of Ensembl. The number of trees with evidence for positive selection was recalculated excluding the proteins modified in version 48. Pairwise NeiGojobori d N /d S values were calculated among all proteins in the tree by PAML and the average value for the family was used. Gene conversion was detected on all duplicates using GENECONV v1.81 (Sawyer 1989; McGrath et al. 2009 ), and we again tested for positive selection after removing trees with evidence of gene conversion at P < 0.05. All results from these validation steps are presented in Supplemental Table 3 .
Parent-daughter classification
In order to classify the duplicates into parents and daughters, we looked for conserved synteny in the flanking region of the genes. Assuming that the parent gene will maintain a longer stretch of conserved synteny with the outgroup gene, while the daughter copy will have a shorter syntenic block that only comprises the duplicated segment, we can determine the parental relationship based on the length of the conserved synteny. In order to estimate the conserved synteny we used a probabilistic model that takes into account the length of the conserved block, and the probability of observing homologous genes within the sytenic block versus outside the sytenic block. More details on the model and estimation are described in Han and Hahn (2009) . For each lineage-specific gene, the identity of flanking genes was noted for 10-Mb regions both upstream and downstream. After the length of the conserved syntenic block was estimated, we clustered the genes into two clusters, parent vs. daughter, based on the length. In order to test for an association between positive selection and synteny, we only counted the cases where we could identify a oneto-one relationship between a single parental gene and a translocated daughter gene. All families containing tandem duplicates were excluded from this analysis, even when parent-daughter relationships could be determined. We used the UCSC Genome Browser (Karolchik et al. 2004) , and the Galaxy server (Giardine et al. 2005) to calculate GC content, recombination rate, and the number of conserved elements predicted by phastCons (Siepel et al. 2005) for the flanking region (61 Mb) of each gene. Exons were removed from the phastCons elements analysis to avoid any bias due to possible gene enrichment in the selected regions.
